Introduction
The Mas-related genes (Mrgs), also termed sensory neuronspecific G-protein-coupled receptors (SNSRs), comprise a recently identified family of G-protein-coupled receptors (GPCRs) that are implicated in sensory perception (Dong et al., 2001; Lembo et al., 2002) . The Mrg family consists of MrgA-MrgH, found in rodents, and MrgX, found in humans. However, of particular note is MrgD. MrgD is expressed across species from rodents to nonhuman primates and humans (Zhang et al., 2005) . In addition, its expression is restricted to dorsal root ganglion (DRG) neurons (Dong et al., 2001; Shinohara et al., 2004; Milasta et al., 2006) , specifically, nonpeptidergic, small-diameter, IB4 ϩ C-fiber neurons (Dong et al., 2001; Zylka et al., 2005) . Together, these properties of MrgD provide for an experimentally tractable therapeutic target for pain.
The ability to probe for effects of MrgD activation was made possible by the identification of the putative ligand for MrgD, ␤-alanine (Shinohara et al., 2004) . In recombinant cell lines, ␤-alanine-induced activation of MrgD resulted in elevated intracellular calcium and also suppression of forskolin-induced cAMP production, an effect that was inhibited by pertussis toxin (PTX) treatment, thus suggesting coupling to G q and G i proteins (Shinohara et al., 2004) . Axonal tracer experiments revealed that MrgD-containing DRG neurons terminate in the skin but not blood vessels, muscle, or other major internal organs, thus suggesting discrete levels of organization for nociceptive afferents (Zylka et al., 2005) . However, the effect of MrgD activation on nociceptor function remains an open issue.
Nociceptors in the DRG transmit information from the periphery to the spinal cord and CNS and can be classified biophysically based on their action potential (AP) properties. Tonic neurons fire multiple APs in response to depolarizing current injection. Phasic neurons, however, fire only a single AP even in response to increasing amounts of depolarizing current injection. This property of phasic neurons is attributable in large part to M-currents (Wang and McKinnon, 1995) , which are lowthreshold, slowly activating, non-inactivating potassium channels (Brown and Adams, 1980) . M-channels consist of KCNQ2/3 subunits (Wang et al., 1998) , are blocked by linopirdine and XE991 (Lamas et al., 1997; Schnee and Brown, 1998) , and are found in the DRG (Passmore et al., 2003) . In addition, modulation of M-currents has been implicated in pain sensation (Blackburn-Munro and Jensen, 2003; Passmore et al., 2003) .
In the current study, we explored the possibility that an interaction exists between MrgD and M-currents (KCNQ2/3) in the DRG. We find, in a recombinant system, that ␤-alanine-induced activation of MrgD results in robust inhibition of KCNQ2/3 currents. This effect is extended to a more physiologically relevant context in dissociated cultures of DRG neurons, in which activation of endogenous MrgD results in inhibition of M-currents. G i proteins likely mediate these effects, because they are prevented by pertussis toxin treatment. Finally, we show that ␤-alanineinduced activation of MrgD results in an increase in phasic neuron excitability.
Some of these data were published previously for the Society for Neuroscience conference (Crozier et al., 2006) .
Materials and Methods
Cell culture preparation. Chinese hamster ovary (CHO) cells stably expressing rat KCNQ2/3 subunits (Wang et al., 2004) were transiently cotransfected with rat MrgD and enhanced green fluorescent protein (EGFP) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions with slight modifications. Cells were transfected with MrgD at 75% of the manufacturer's recommended DNA concentration (6 g/5 ml of plating medium). After 4 -5 h of transfection incubation at 37°C, the cells were rinsed with HBSS, and the media were replaced with preequilibrated DMEM without antibiotics and transferred to 26°C, at which they remained until use (48 -72 h after transfection). We observed that the reduced DNA concentration and lower temperature after transfection assisted in promoting functional (assessed by ␤-alanine-induced suppression of KCNQ2/3) surface expression of MrgD. CHO cell media consisted of DMEM, 10% fetal bovine serum (FBS), G418 (800 g/ml), hygromycin (800 g/ml), MEM nonessential amino acids (0.1 mM), and 1% Pen/Strep. DRG cultures were prepared from ϳ6-week-old male Sprague Dawley or Long-Evans rats in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and Wyeth Institutional Animal Care and Use Committee. No experimentally detectable difference was observed between the two strains, so the data were pooled. After CO 2 asphyxiation, the rats were cervically dislocated, and the fur was sprayed liberally with 70% ethanol to reduce contamination. DRGs from all spinal levels were harvested, nerve roots were trimmed, and the DRGs were subjected to collagenase (2 mg/ml) treatment for ϳ15 min at 37°C, followed by 0.05% trypsin-EDTA for ϳ30 min at 37°C. The enzymatic reaction was stopped by washing the cells with DMEM containing 10% FBS. The cells were spun at 800 rpm for 4 min, the supernatant was removed, and fresh growth medium was added. The cells were then mechanically triturated through a 1000 l pipette tip, passed through a 40 m cell strainer, and plated on poly-D-lysine (0.1 mg/ml; Sigma, St. Louis, MO)-treated glass coverslips (Assistent, Sondheim, Germany). DRG media consisted of DMEM, 10% FBS, 1% Pen/ Strep, and 50 ng/ml GDNF (glial cell line-derived neurotrophic factor) (Molliver et al., 1997) to promote the survival of MrgD-containing neurons. Recordings were performed 24 -48 h after plating.
Electrophysiology. Whole-cell voltage-clamp recordings were performed (Hamill et al., 1981) in external solution consisting of HBSS (#14025; Invitrogen) supplemented with 10 mM HEPES and 10 mM glucose. Pipettes with filament (1.5 ϫ 0.86 mm; 10 cm length; Sutter Instrument, Novato, CA) had resistances of ϳ2-5 M⍀ when filled with internal solution containing the following (in mM): 140 KCl, 2 MgCl 2 , 4 EGTA, 10 HEPES, and 0.14 CaCl 2 , pH 7.2 with either KOH or Tris-OH. All recordings were performed at room temperature. For whole-cell voltage-clamp recordings, series resistance was compensated 70 -90%.
For CHO cell recordings, GFP-containing cells were identified by fluorescence and considered for additional analysis. ␤-alanine was bath applied using a perfusion control system (VC-6; Warner Instruments, Hamden, CT) at 100 M, which is approximately sevenfold higher than the published EC 50 (Shinohara et al., 2004) . KCNQ2/3 currents were evoked every 10 s by delivering a 1 s depolarizing voltage pulse from Ϫ80 mV to Ϫ20 mV (see Fig. 1 A) .
For DRG recordings, IB4 ϩ cells that express MrgD (Dong et al., 2001 ) were prelabeled with IB4-conjugated Alexa Fluor 594 (Invitrogen) at 1.5 g/ml for 10 min and then rinsed for 5 min before recording. Voltageclamp recordings were obtained, and M-currents, which consist of KCNQ2/3 (Wang et al., 1998), were measured every 10 s, typically from Ϫ30 mV to Ϫ50 mV. M-currents were assessed by taking the difference of the means between the start (ϳ10 ms) and end of the hyperpolarizing pulse (see Fig. 3A ). Whole-cell current-clamp recordings were obtained to examine the effect of MrgD activation on action potential properties of phasic neurons. Depolarizing current injections in 50 pA steps were delivered to discriminate between phasic and tonic neurons. ␤-Alanine was applied at 500 M for the neuronal recordings. Tetrodotoxin (1 M) was present for recordings of M-currents.
Reagents. All cell culture reagents were purchased from Invitrogen. Tetrodotoxin (Sigma) and SCH50911 (Tocris Bioscience, Ellisville, MO) were prepared in water at 1000ϫ, stored at Ϫ20°C, and diluted on the day of use. ␤-Alanine (Sigma) was prepared fresh daily. U73122, edelfosine, and linopirdine (Sigma) were dissolved in ethanol, XE991 (Tocris Bioscience) was dissolved in water, and all were stored at Ϫ80°C. PTX (0.2 mg/ml; Sigma) was used at 100 ng/ml. All dilutions were made using external solution. Pharmacological recordings were typically interleaved with control recordings on a daily basis (e.g., PTX experiments one day and control recordings the next) to ensure that the cultures were responsive to ␤-alanine.
Data analysis. Data were acquired and digitized using a Multiclamp 700B amplifier and Digidata 1440 analog-to-digital converter (Molecular Devices, Sunnyvale, CA) and analyzed on a PC running pClamp 9.2. Statistical comparisons (ANOVA) between groups were performed using Microsoft (Seattle, WA) Excel with p Ͻ 0.05 followed by Fisher's leastsquared difference test with Bonferroni adjustments for multiple comparisons. Error bars indicate SEM.
Results
To ascertain the functional significance of MrgD activation by its putative ligand ␤-alanine (Shinohara et al., 2004) , we first determined whether an interaction could be observed between MrgD and KCNQ2/3, the molecular correlate of the M-type potassium channel. CHO cells stably expressing KCNQ2/3 were transiently cotransfected with MrgD and EGFP. Whole-cell voltage-clamp recordings were obtained from EGFP-expressing neurons, and a ϩ60 mV depolarizing pulse from a holding potential of Ϫ80 mV (Fig. 1 A) was delivered to activate KCNQ2/3 channels. Stable baseline responses were collected for 1 min in the presence of bath-applied control external solution, and then ␤-alanine (100 M) was bath applied. Within ϳ1 min of application, KCNQ2/3 currents were robustly suppressed by ␤-alanine (50.5 Ϯ 4.8% inhibition; n ϭ 14) (Figs. 1 D, 2A) . In addition, ␤-alanine had no effect on cells without MrgD, indicating that the response was mediated by MrgD.
We next sought to assess the involvement of G-protein signaling pathways that are initiated after ␤-alanine binding to MrgD. Pharmacological blockade of G i coupling with PTX (100 ng/ml; overnight) resulted in an incomplete effect (19.6 Ϯ 6.7% inhibition; n ϭ 10) (Fig. 2 A) . However, acute blockade of phospholipase C (PLC) with U73122 (1 M) or edelfosine (10 M) completely prevented the effect of ␤-alanine-induced suppression of KCNQ2/3 currents (U73122, 2.5 Ϯ 2.6% inhibition, n ϭ 7; edelfosine, 5.3 Ϯ 5.0% inhibition, n ϭ 4) (Fig. 2 A) . These data suggest that in CHO cells, MrgD modulation of KCNQ2/3 occurs predominantly via G q and the PLC pathway.
To better understand the role of MrgD in pain-sensing neurons, we assessed the effect of activating endogenous MrgD on the M-current in dissociated cultures of DRG neurons. Before recording, neurons were treated with IB4-conjugated Alexa Fluor 594 to increase the likelihood of examining MrgD-containing neurons [ϳ75% of IB4 ϩ neurons are MrgD-containing (Zylka et al., 2005) ]. This treatment has no detectable effect on the biophysical properties of DRG neurons (Wu and Pan, 2004) . Smalldiameter, IB4
ϩ DRG neurons were chosen, and M-currents were assayed by a deactivation protocol (Fig. 3A) . After collecting 1 min of stable baseline responses, ␤-alanine was bath applied (500 M). Similar to the recordings from CHO cells, ␤-alanineinduced activation of MrgD resulted in inhibition of M-currents (30.2 Ϯ 4.8% inhibition; n ϭ 9) (Figs. 2 B, 3) . After ␤-alanine exposure, application of linopirdine (20 M), a selective M-current antagonist (Lamas et al., 1997; Schnee and Brown, 1998) , blocked the remaining current, thus confirming that we were studying M-currents (Fig. 3A) . Because of the relatively high concentration of ␤-alanine used and its structural similarity to GABA, we also performed experiments in the presence of the GABA B antagonist SCH50911 (20 M). These experiments were nearly identical to those performed in the absence of the GABA B antagonist (26.5 Ϯ 2.8% inhibition; n ϭ 6; data not shown) and indicate that the response to ␤-alanine is not mediated by GABA B receptors. Finally, MrgD-induced suppression of KCNQ/Mcurrents exhibited selectively because GIRKs (G-proteinactivated inward rectifying K ϩ channels) were not affected by ␤-alanine exposure (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material).
We next assessed the effects of pharmacological intervention of MrgD-induced modulation of M-currents in DRG neurons. In contrast to the experiments in CHO cells, blockade of PLC activity by U73122 (1 M) or a second PLC inhibitor edelfosine (10 M) had a modest but significant effect (U73122, 15.8 Ϯ 3.7% inhibition, n ϭ 8; edelfosine, 12.5 Ϯ 2.1% inhibition, n ϭ 7). However, PTX treatment completely prevented the response (3.9 Ϯ 1.8% inhibition; n ϭ 6) (Fig. 2 B) . Together, these data suggest a differential sensitivity between CHO cells and DRG neurons to the pharmacological reagents used and are consistent with MrgD-induced modulation of KCNQ/M-channels primarily by G i/o proteins in DRG neurons.
The limiting of phasic neurons to a single action potential has been attributed to M-current activation (Wang and McKinnon, 1995) . We therefore hypothesized that if MrgD activation resulted in suppression of the M-current, an increase in firing rate should be observed in these neurons. To address this issue, whole-cell current-clamp recordings were obtained from smalldiameter, IB4
ϩ , phasic DRG neurons (for details on determinations of phasic vs tonic firing neurons, see Materials and Methods). The data confirm our hypothesis, because application of ␤-alanine (500 M) contributed to an increase in neuronal excitability such that the firing rate of five of seven neurons increased nearly twofold (baseline, 0.82 Hz; ␤-alanine, 1.64 Hz; n ϭ 7) (Fig.  3B) . Some neurons, after ␤-alanine exposure, were also exposed to linopirdine (20 M; data not shown), which further augmented the firing rate, thus suggesting that MrgD activation inhibits a fraction of the total available M-current.
Discussion
The recently identified Mrg family of GPCRs exhibits highly concentrated expression in sensory neurons (Dong et al., 2001; Lembo et al., 2002) . One family member, MrgD, is found in rodents and humans, and its expression is restricted to nonpeptidergic, small-diameter, IB4 ϩ DRG neurons (Dong et al., 2001; Zylka et al., 2003; Zylka et al., 2005) . These attributes provide for an intriguing therapeutic utility and, with the recent identification of the ligand for MrgD, ␤-alanine (Shinohara et al., 2004) , have allowed researchers to probe for the functional significance of MrgD activation. Here, we report the first evidence of an interaction of MrgD with a potassium channel, KCNQ2/3, that modulates the properties of phasic DRG neurons. Whole-cell voltage-clamp recordings from CHO cells, which exogenously expressed both KCNQ2/3 and MrgD, revealed a Ͼ50% inhibition of KCNQ2/3 currents in the presence of ␤-alanine. Furthermore, we provide evidence that a similar interaction exists natively between MrgD and M-currents in DRG neurons and that MrgD couples predominantly to G i/o proteins. Finally, we show that phasic neurons, which fire a single AP before MrgD activation, fire repeatedly during ␤-alanine application, and thus the excitability of DRG neurons that contain MrgD is enhanced.
M-channels are so named because they were originally identified by modulation mediated by M1 muscarinic acetylcholine receptor (mAChR) activation (Brown and Adams, 1980; Marrion et al., 1989) , and details of this mechanism have emerged. For example, in superior cervical ganglion neurons (SCGs), activation of mAChR stimulates release of G␣ q , activation of PLC, and subsequent conversion of phosphatidylinositol bisphosphate (PIP2) to IP 3 . Because PIP2 is thought necessary to keep the channel in the open state (Zhang et al., 2003) , depletion of PIP2 that MrgD activation by ␤-alanine (100 M) in CHO cells containing KCNQ2/3 resulted in strong suppression of evoked currents. This effect was partially blocked by PTX treatment (100 ng/ml; overnight) and completely prevented by acute inhibition of phospholipase C (U73122, 1 M; edelfosine, 10 M). *Group is statistically larger than all other groups ( p Ͻ 0.001).
# Statistically smaller than ␤-alanine control response and larger than the PLC inhibitor groups ( p Ͻ 0.017). B, In contrast, M-currents in DRG neurons were only partially blocked by PLC inhibition, but responses to ␤-alanine were completely prevented by PTX treatment (100 ng/ml; overnight). *Group is statistically larger than all other groups ( p Ͻ 0.001).
# Statistically smaller than ␤-alanine control response and larger than PTX group ( p Ͻ 0.017). Ctrl, Control.
can result in suppression of the M-current (Suh and Hille, 2002; Zhang et al., 2003; Winks et al., 2005) . In addition to G q coupling, mAChR-induced modulation of the M-current may also have a PTX-sensitive G i/o component (Haley et al., 2000) . Our results indicate that both mechanisms may be in play in MrgD regulation of M-currents. MrgD-induced suppression of KCNQ2/3 is completely prevented by blocking PLC activity in CHO cells, but the ␤-alanine effect is also partially PTX sensitive. In DRG neurons, partial prevention of the MrgD-induced suppression of M-currents was achieved by PLC inhibitors, although a more robust blockade of the response was produced by PTX. Together, these results implicate both PTX-sensitive and PTX-insensitive G-proteins in M-current regulation and are consistent with the reported capacity of MrgD to couple via both G q and G i/o proteins (Shinohara et al., 2004) . The manner in which dual activation of these pathways may be interacting in the various cells may be revealed by subsequent research. One simple possibility is that the cell types (CHO cells and SCG and DRG neurons) express varying types or levels of G-proteins that may contribute to differential modulation of the M-current.
Although we report here on the interaction of MrgD with KCNQ/M-currents, other receptors or ion channels may be potential effectors that may have important consequences for pain. In rodents, MrgD mRNA colocalizes with the ATP-gated channel P2X 3 receptor and in rats, but not mice, with vanilloid receptor 1 (Dong et al., 2001; Zylka et al., 2003) , and both receptor types play important roles in pain sensation. In addition, sodium, calcium, and other potassium channels may be modulated by MrgD. For instance, we have observed MrgD-induced modulation of N-type calcium channels (Crozier et al., 2006) . Thus, the potential targets and modes of action of MrgD in pain may be quite varied. In addition, that rodents (MrgA-H) and humans (MrgD, MrgX) contain more than one Mrg, which may form heterodimers, suggests that the readouts from painful stimuli mediated by Mrgs may be complex. In vivo evidence for Mrgs in pain is limited, but one report found that activation of SNSR1 (MrgC) by its ligand, ␥2-MSH, was pronociceptive (Grazzini et al., 2004) . Finally, a change in MrgD levels in response to chronicconstriction injury, a model of inflammatory and neuropathic pain, was noted by Shinohara et al. (2004) , but an increase or decrease in MrgD levels was not reported. To date, the precise cellular localization (e.g., nerve terminals, cell body, or primary afferents) of MrgD remains unknown; thus, critical questions relating to how and where MrgD participates in pain remain open.
Alterations in M-current activity have been linked to neuronal excitability in conditions such as seizures, cognition, and pain (Surti and Jan, 2005) . Mutations in KCNQ2 or KCNQ3 can cause epilepsy and were correlated with benign familial neonatal convulsions (Biervert et al., 1998; Singh et al., 1998) . Blockers of KCNQ channels such as linopirdine or XE991 have been investigated as "cognitive enhancers" for the treatment of memory disorders such as Alzheimer's disease (Surti and Jan, 2005) . Conversely, retigabine, a KCNQ channel opener, can suppress seizures in animal models (Dailey et al., 1995; Rostock et al., 1996) and can also reduce neuropathic pain (Blackburn-Munro and Jensen, 2003; Passmore et al., 2003) . The development of pharmacological reagents for KCNQ2/3 was driven by efforts to modulate aberrant neuronal excitability. In the experiments presented here, MrgD activation inhibits a fraction of the total M-current; thus, the consequence of MrgD activation may be akin to a rheostat rather than an ON/OFF switch in modulating M-currents and neuronal excitability. Because KCNQ2/3 subunits may be expressed primarily in axons (Chung et al., 2006) , a speculative mode of action of ␤-alanineinduced activation of MrgD would be to promote the excitability of primary nociceptive afferents.
